Introduction
Cell fusion is a widely used technique for animal and plant cells. Its best-known application is the production of hybridomas, composite cells of :-lymphocytes and myeloma cells. Furthermore, electrofusion has proved invaluable in studying embryogenesis in animals (Hyttel et al. 1993; Mitani et al. 1993) . In plants, cell fusion is mostly used in breeding programs to generate interspecific (Finch et al. 1990; Jadari et al. 1992) and intergeneric hybrids (Wolters et al. 1993) or cybrids (Rambaud et al. 1993) .
With respect to chemically induced fusion, electrofusion offers the advantages of synchronous fusion, higher viability of the fusion products, and microscopic observation. The latter gave rise to investigations of the mechanism of membrane fusion using fluorescence markers to determine the exact fusion event (Dimitrov and Sowers 1990) . Mostly mammalian cells (Song et al. 1991; Stenger et al. 1991; Abidor and Sowers 1992) , erythrocyte ghosts (Chemomordik and Sowers 1991) , or artificial membrane systems (Song et al. 1991; Wilhelm et al. 1993) were used for studies of processes and kinetics of membrane fusion, pore formation, and the rounding up of plasma membranes. However, almost no attention has been paid to intracellular processes during and after electrofusion. Enhancement of protoplast regeneration capacity of several plant species following electrical treatment has been described (Rech et al. 1987; Ochatt et al. 1988 Ochatt et al. , 1989 Barth et al. 1993 ). The mechanisms underlying this electrostimulation are yet little understood.
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We report the impact of electrofusion on cytoplasmic streaming, a parameter that can be used as an indicator for viability, and on endogenous membrane systems in plant protoplasts. Early intracellular reorganization processes concerning cytoplasmic bridges and migration of nuclei accompanying the formation of a fusion product are also presented.
Material and methods

PLANT GROWTH AND PROTOPLAST ISOLATION
Helianthus annuus L. plants (cvs. Euroflor, Cerflor; Rustica Semences, Hamburg, Germany) were used for protoplast isolation. Plant growth and protoplast isolation were conducted as described previously . The protoplasts were isolated from green leaf mesophyll and etiolated hypocotyl.
ELECTROIFUSION
Protoplasts were suspended in 0.5 M mannitol at a density of 5 x 104 to 1 x 105/mL and fused in a microscope-slide fusion chamber with a volume of ca. 50 ,uL. The electrodes were covered with a coverslip and sealed with Vaseline to provide conditions for longtime observation. Before fusion the protoplasts were brought into narrow membrane contact during dielectrophoresis by an alternating current (AC) field of 2 MHz and 90 V/cm for 30 s. Membrane breakdown and fusion were achieved subsequently applying two direct current (DC) pulses with 0.5 s between pulses. The influence of different field strengths and pulse duration on fusion rates and viability of fusion products were tested. The pulses were generated by a Zimmermann cell fusion power supply (GCA, Chicago, U.S.A.). To exclude the effect of extracellular Ca2+ contaminations, the experiments were also nerformed in the presence of 120 uM We used 3,3'dihexyloxacarbocyanine iodide (DiOC; Sigma, Munich, Germany) to stain the ER. Protoplasts were suspended in 3 or 10 ,ug/ mL DiOC in buffered salt solution (336 mM KCI, 13.6 mM CaCl2, 3.59 mM MES; pH 5.7) and incubated for 10 min in the dark (Quader and Schnepf 1986) . Subsequently, the protoplasts were washed twice and resuspended in fusion medium (0.5 M mannitol).
MICROSCOPIC ANALYSIS
Etiolated hypocotyl protoplasts were fused under direct microscopic observation on a Zeiss Axiovert 405M inverted microscope (Zeiss, Oberkochen, Germany) equipped with differential interference contrast (DIC) after Nomarski. Protoplast fusion and rounding up were continuously recorded on videotapes over a period of up to 1 h using an analog-contrast-enhancement camera system (ACE; Zeiss). The absence of large chloroplasts allowed the identification of cytoplasmic streaming and organelle movement. From the recordings, single frames were taken at different times after fusion. Fluorescence investigations were carried out at an excitation wavelength of 485 nm.
ELECTRON MICROSCOPY
A mixture of green mesophyll and pale hypocotyl protoplasts was fused in a 2.5-mL meander fusion chamber (Klintworth et al. 1994 ) and fixed for electron microscopy 5 min after pulsing. The prefixation was carried out in 3% glutaraldehyde in 50 mM phosphate buffer supplemented with 0.125 M mannitol for 2 h (at 40C the fixation time could be prolonged up to 10 d) followed by 2% osmium tetroxide postfixation for 2 h. After washing and dehydration in a graduated ethanol series the samples were infiltrated with LR White resin (PLANO, Marburg, Germany) and polymerized for 24-48 h at 60?C; 600-900-nm sections were taken on a Reichert and Jung Ultracut (Wien, Austria), mounted on grids, and stained with uranyl acetate and lead citrate. Sections were examined with a Zeiss EM9 electron microscope.
Results
THE IMPACT OF ELECTRICAL PULSES ON MEMBRANE CONTACT AND CYTOPLASMIC STREAMING
Protoplasts from etiolated hypocotyl were characterized by a dominant vacuole, few pale plastids, and many mitochondria as well as dictyosomes. The nucleus was usually situated in the center of the cell in a pocket of cytoplasmic material, connected to the periphery by several cytoplasmic strands. Only protoplasts showing cytoplasmic streaming were further investigated.
Application of the AC-field dielectrophoresis resulted in the establishment of narrow membrane contact of neighboring cells ( fig. 1A ). The contact region of the adjacent membranes was ca. 80 giM2 for protoplasts 50-60 ,um in diameter. Upon pulsing, this region extended to 200 giM2 accompanied by a concomitant compression of the cells ( fig. iB) . Stable fusion products were only formed when the contact area expanded and cytoplasmic continuity was generated ( fig. 1 C-I) . In weak fusion, the cell contact width was reduced to the prefusion extent within 1 min after pulsing. Nevertheless, these protoplast pairs did not separate from each other in the fusion chamber, indicating the formation of membrane fusion sites. These cells divided and proliferated individually over 1 wk of observation, giving rise to chimeric calli (not shown here). Cross sections through the fusion region of weakly fused protoplasts showed cytoplasmic connections between fusion partners, which were interrupted by unfused plasma membrane material. In the periphery, fragile plasmatic connections were disrupted during the reduction of the contact area ( fig. 2A ). True fusion products extended their fusion area immediately after the breakdown pulses. Cytoplasmic connections in the central fusion region could widen whereas plasmatic bridges in the periphery of the fusion plane were disrupted during rounding up ( fig. 2B ).
In reaction to electrical breakdown pulses, a sudden cessation of organelle streaming occurred in all of the protoplasts irrespective of cell fusion. The preceding application of an AC field, however, had no effect on cytoplasmic streaming (not shown). Restoration of organelle movement was restricted to a period of 0.5-5 min after pulsing and did not always occur simultaneously in both fusion partners. Upon restoration of cytoplasmic streaming cytoplasm accumulated in the fusion area and sometimes also at the distal poles of fusion products ( fig. ID, E) . Cells that did not recover within this period were dead although the protoplasts appeared to be viable ( fig. 3) . The protoplasts were not shrunken but turgid, and no organelles protruded from the protoplast. Cytoplasmic strands in dead protoplasts seemed to be collapsed, with organelles arranged as protruding pearls. Nevertheless, these protoplasts exhibited rounding when fused, proceeding even faster and more regularly than in living fusion products. Complete rounding occurred after 10 min while live fusion products needed up to 1 h for this process. as a viability indicator since not all "well-shaped" fusion products seemed to be viable. In this context, "well-shaped" meant that the fusion product was turgid and undamaged. The percentage of well-shaped fusion products was dependent on the DC-pulse strength and duration. Higher DCpulse strengths and longer durations resulted in an increased yield of fused protoplasts (fig. 4) . Fusion rates of more than 20% were achieved, using a minimal field strength of 1000 V/cm and pulse durations of 30-60 ,us. The yield of viable fusion products showing cytoplasmic streaming, however, did not increase with higher fusion parameters. In contrast, optimal yields of viable fusion products were achieved at 800-1000 V/ cm field strength and 30-40-,us pulse duration ( fig. 5 ). In the periphery, residues of cytoplasmic material appear (arrowheads). B, An almost completely rounded stable fusion product with many vesicles in the cytoplasm. The fusion region is only detectable at the very periphery, where an invagination of the plasma membrane and some cytoplasmic residues are visible (arrowhead); C = chloroplast; bars = I ,um.
PROTOPLAST REORGANIZATION DURING CELL FUSION
The enlargement of the fusion area during formation of a spherical hybrid cell (rounding up) was accompanied by alterations of the cytoplasmatic organization of the fusion region. After electrical pulsing, the cytoplasm at first tended to accumulate in the fusion region. However, further rounding was concurrent with the retraction of cytoplasmic material from the center of the fusion region and its accumulation in the periphery. In the fusion plane, a thin cytoplasmic strand remained ( fig. 6 ). The fusion of vacuoles occurred in parallel with the formation of hybrid cytoplasmic strands and the withdrawing of cytoplasmatic material from the fusion plane.
During rounding up, the most obvious observation was the migration of the nuclei in almost every case of successful protoplast fusion. Either both nuclei migrated into the fusion region ( fig.  1 ) or only one nucleus moved toward the other ( fig. 7) . No nuclear fusion occurred within 1 h after electrical pulsing. A directed approach of the nuclei was promoted when interconnecting cytoplasmic strands were formed, allowing even the transfer of a nucleus from one fusion partner to the other ( fig. 7) .
THE IMPACT OF ELECTRICAL PULSES ON MEMBRANES
Protoplasts exposed to electrical breakdown pulses exhibited vesicle-like structures in the cytoplasm (not after dielectrophoresis). By light microscopy, such structures with diameters larger than 4 ,um moved in the cytoplasm ( fig. 8 ). They could be visualized with DiOC, an ER stain. In addition, a reticulate structure in the periphery of the protoplasts stained with DiOC. After electrical pulsing small vesicle-like structures with diameters of 0.5-1 ,um were visible in this reticulate network ( fig. 9) .
Electron microscopic observations of protoplasts exposed to electrical fields showed vesiclelike structures in the entire cytoplasm ( fig. 1OA ) in contrast to untreated protoplasts ( fig. 10B ). The vesicles surrounded by only one membrane had diameters of 0.2-10 ,um and an electrontranslucent content.
Discussion
In this study we focused on cellular events during and after protoplast fusion that were not only strictly connected to plasma membrane fusion processes. In all DC-pulsed cells cytoplasmic streaming arrested and vesicles were formed irrespective of fusion. In viable cells the cytoplasmic streaming was restored in ca. 0.5-5 min. Two fusion types could be distinguished directly after pulsing. True fusion products exhibited an enlarged cell-contact surface-width after pulsing while the contact area of weakly fused protoplasts was reduced to a width similar to that before pulsing. The latter gave rise to chimeric calli, which should be taken into account when analyzing fusion products: discriminating these het- erogenous products from true hybrids can only be achieved by sophisticated selection systems.
The fusion of plant protoplasts may serve as a tool for hybrid production with new properties such as disease or drought resistance. A damaging effect of electrical pulses on plant regeneration should therefore be avoided. Biedinger and Schnabl (1991) showed that lipid peroxidation during electrofusion was correlated inversely with the regeneration ability of protoplasts. Ethane production as a consequence of lipid peroxidation increased with higher field strengths and longer pulse durations. Our data on the restoration of cytoplasmic streaming support these observations, emphasizing the usefulness of organelle movement as an indicator for viability.
For the production of heterokaryons nuclear fusion is required. The nuclei are supposed to fuse during interphase (Fowke et al. 1975 (Fowke et al. , 1977 Fowke 1989) or during the first mitosis (Fowke 1989) . Within 1 h after pulsing, no nuclear fusions were detected but different modes of nuclear
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Figs. 8, 9 Fig. 8 , Part of an almost completely rounded vital fusion product (DIC view). A, 20 min after pulsing; B, 21 min after pulsing. A large membrane vesicle changes its location in the cytoplasm (arrowheads); N = nucleus; bar = 10 ,um. Fig. 9 , Periphery of a DiOC-stained protoplast 5 min after electrical pulsing but unfused. In the reticular ER structure, spherical vesicles (arrowheads) appear (bar = 10 ,um). migration were detected. Movement into the fusion region seemed to result from membrane reorganization activities. A similar process was described in reaction to wounding. Here, the nucleus was found at the site of highest physiological activity (Nagai 1993) . These movements were assumed to be traumatotactic and actin mediated (Goodbody and Lloyd 1990) . Also, direct approximation of the nuclei occurred, which might lead to nuclear fusion.
Two types of cytoplasmic strand formation occurred. Retraction of cytoplasmic material from the fusion plane resulted in elongating plasma strands concomitant with a broadening of the fusion plane. Interconnecting plasma strands, however, allowed organelle transport (including nuclear movement) from one fusion partner to the other. These plasmatic connections represented a prerequisite for nuclear fusion. The events leading to a hybrid cell with a newly organized cytoskeleton, essential for directed cytoplasmic streaming in the fusion product, still remain unsolved.
The most striking event caused by the electrical treatment was the temporary inhibition of cytoplasmic streaming. In plant cells, cytoplasmic streaming is mediated by an interaction between the microfilament network and myosin-like components (Kuroda 1990) in which the intracellular concentration of Ca2+ seems to act as a regulatory factor. Cytoplasmic streaming is temporarily inhibited by a transient increase in the intracellular Ca2+ concentration (Hayama et al. 1979; Kikuyama and Tazawa 1982; Williamson and Ashley 1982) . The spatial and functional correlation of ER and force generating acto-myosin system were shown by Quader et al. (1987) , Kachar and Reese (1988) , Lichtscheidl and Url (1990) , Lichtscheidl et al. (1990) , and Liebe and Quader (1994) . Hepler et al. (1990) postulated that the ER regulates organelle movement through Ca2 .
We assume that membrane breakdown during pulsing leads not only to transient membrane poration and fusion of the plasma membranes but also to leakage and fusion of intracellular membrane systems such as ER and vacuole. Bertsche et al. (1988) achieved nuclear fusion of electrofused mammalian cells after intracellular dielectrophoresis, which supported the idea that the electrical breakdown was not restricted to the plasma membrane but also affected internal membranes. Consequently, a disturbance of the intracellular ion equilibrium resulted from transient decompartmentalization. A flux of Ca2+ into the cytoplasm will inhibit cytoplasmic streaming. Intracellularly stored Ca2+ from vacuole and/or ER (Bush et al. 1989; DuPont et al. 1990 ) is thought to cause the transient cessation of movement. An effect of extracellular Ca2+ could be excluded because the addition of EGTA to the fusion medium resulted in the same effects. The assumption of an intracellular membrane breakdown and fusion during electrical pulsing is supported by the appearance of numerous vesicular structures throughout the cytoplasm of protoplasts following electrical treatment. The ER, because of its narrow and parallel membrane organization, is likely a target for membrane fusion and vesicle formation during electrical pulsing. The fusion of vacuolar membranes as a source of cytoplasmic vesicles seems more unlikely because the tonoplast does not exhibit narrow 772 INTERNATIONAL JOURNAL OF PLANT SCIENCES membrane contact regions. Some of the vesicles could also originate from preexisting vesicles enlarging upon osmotic shock. Isolated vesicular structures in the cytoplasm or being integrated into the ER network were DiOC stainable similar to the peripheral ER described by Terasaki et al. (1984) and Quader and Schnepf (1986) , indicating an ER origin. Most probably restoration of the normal equilibrium by Ca2+ pumps within the first minutes after pulsing is responsible for the restart of cytoplasmic movement. The ER Ca2+ pumps were characterized for barley aleuron cells (Bush et al. 1989) , carrot tissue culture cells (Hsieh et al. 1991) , and cress roots (Sievers and Busch 1992) . These data support our assumption of an involvement of ER Ca2+ pumps in cytoplasmic streaming regeneration. In addition, the high affinity of these transport systems to Ca2+ (Bush et al. 1989; Kasai and Muto 1990 ) strengthens this idea. It cannot be excluded, however, that Ca2+ transport through the plasma membrane and into the vacuole were also involved in this process.
